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Renal disease and the development of hypertension in salt-sensitive
DahI rats. To elucidate the role of the kidneys in the development of
hypertension in Dahl salt-sensitive (S), as compared to resistant (R) rats
of the JR strain, we analyzed functional and morphological changes
before and after the administration of an 8% NaCI diet and the onset of
hypertension. The diet was begun at six weeks of age and was
continued until 12 weeks of age. At six weeks, blood pressure was not
different between S and R rats. Hypertension occurred in S rats
receiving the 8% NaCI diet at week 8, and in S rats receiving 0.9% NaCI
at week 10. Albuminuria and proteinuria were found in S rats prior to
the 8% NaCl diet and progressed regardless of diet. Electron micros-
copy of glomeruli revealed segmental loss of epithelial foot processes in
S rats at six weeks prior to the 8% NaCI diet. Mesangial widening,
arteriolar myo-intimal cell hyperplasia and interstitial fibrosis occurred
in all S rats. inulin and PAH clearances in S rats decreased with time,
the changes being accelerated by the 8% NaCI diet. Micropuncture of S
and R rats prior to the 8% NaCI diet revealed no glomerular hyperten-
sion in S rats. The number of glomeruli in S and R rats were not
different. We conclude that prehypertensive S rats of the JR strain
already have albuminuric glomerular disease not associated with re-
duced number of glomeruli or glomerular hypertension. The renal
pathology is accelerated once hypertension develops. A lower NaCI
intake delays, but does not prevent renal disease in S rats.
The salt-sensitive (S) and salt-resistant (R) strains of rats
developed by DahI and subsequently inbred by Rapp constitute
an important model of hypertension, which combines both
genetic and environmental components [1—31. Renal cross-
transplantation experiments [4—61 and isolated perfused kidney
studies [7] indicated that a defect related to the development of
hypertension resides in the kidneys of S rats. Thus, the kidneys
have been held responsible for the salt-sensitive hypertension
of S rats [8]. However, the nature of the renal defect in S rats is
unclear.
Prehypertensive S rats may eliminate NaCI less well than
normotensive, salt-resistant R rats, and salt retention may
contribute to the hypertension [7, 9]. However, appreciable
sodium retention in S rats either before or after the onset of
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hypertension has not been shown [2, 10]. Moreover, S rats
receiving hypertonic saline showed a natriuretic and diuretic
response equal to that found in R rats [11].
Several renal abnormalities in S rats have been reported,
including reduced urinary excretion of kallikrein [12] and of
prostaglandin E, [13]. Nevertheless, it is unclear whether such
changes are primary and relevant to the development of hyper-
tension, or whether they are consequences of hypertension-
induced renal damage.
Early studies of prehypertensive S rats failed to reveal
clear-cut abnormalities of renal morphology [14, 15] and renal
function [16]. Renal vascular and glomerular pathology ob-
served after hypertension develops was considered to be sec-
ondary to systemic hypertension [2, 3, 141. However, Azar et al
[17] reported that kidneys of S rats have 15% fewer glomeruli
than those of age-matched R rats [18]. Further, these authors
also noted that hypertensive S rats had increased single neph-
ron blood flow and glomerular filtration rate compared to R rats.
In addition, the systemic hypertension was accompanied by
increases of estimated hydraulic glomerular capillary pressure
[18]. These findings led the authors to conclude that glomerular
hypertension may be responsible for the morphological glomer-
ular changes noted in hypertensive S rats [18, 19]. However,
recent studies by Roman [201 do not support this notion. He
found no elevation of glomerular capillary pressure in S rats.
To elucidate these conflicting observations, we conducted a
longitudinal morphological and functional study of the kidneys
in Sand R rats of the inbred JR strain receiving normal and high
NaCI intake before and after the onset of hypertension. We
found two phases of renal abnormalities in S rats. First, young,
prehypertensive S rats have albuminuric glomerular disease
which is not associated with reduction of overall renal function,
diminished number of glomeruli, or glomerular hypertension.
Second, progressive renal vascular and glomerular pathology
and decreasing renal function become apparent as the hyper-
tension develops and is established. Our results suggest that
functional and morphological glomerular alterations are a ge-
netic feature of S rats. Moreover, our data support the notion
that the progressive renal vascular and glomerular pathology of
older S rats is related to the increased systemic arterial blood
pressure.
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Methods
Animals
The inbred strains of DahI rats (S/JR and R/JR) developed by
Rapp and Dene [3], were obtained from the Moellegaard
Breeding Center, (Ejby, Denmark) when the animals were
weaned at four to five weeks of age. Only male rats were
employed in the studies. The rats were acclimatized to our
animal facility which was maintained at 21 2 degrees Celsius,
humidity 50 15% with a light and darkness cycle of 12 hours
daily. The animals were given a 0.9% (by weight) NaCI diet
(Altromin, Lage, FRG) until the animals were randomly distrib-
uted to their respective groups. Dc-ionized drinking water was
supplied ad libitum.
Effects of salt intake on growth and blood pressure
Three series of experiments were performed in sequence. In
each series, S and R rats were randomized at six weeks of age
into four groups of 10 rats each as follows: S rats and R rats
received either 0.9% or 8.0% NaCI (Altromin, Lage, FRG) diet.
Prior to randomization, all rats were maintained on a 0.9% NaCI
diet. In weeks 6, 8, 10, and 12, body weight (wt) was recorded
and systolic blood pressure was assessed by the tail cuff method
in all rats of each series with light ether anesthesia, as described
elsewhere [211. In addition, eight S and eight R rats underwent
direct measurements of blood pressure while receiving the 0.9%
NaCI diet at eight weeks of age. These rats had femoral arterial
catheters (PE 10 in PE 50) placed under ether anesthesia on the
day prior to blood pressure measurement. The catheters were
tunneled underneath the skin, and exited at the nape of the
neck. Blood pressure was measured directly in resting, con-
scious rats with recording equipment described elsewhere [221.
Urinary excretion of albumin, total protein, and sodium
Twenty-four hour urine collections were performed on all
rats of each experimental series at weeks 4, 6, 8, and 12. For
this purpose, the rats were housed in metabolic cages and had
free access to water. They were deprived of food so as not to
jeopardize the collections. The urine was collected under
mineral oil to preclude evaporation. After separation, the urine
was filtered through a Whatman filter No. I and was stored at
—20°C. Albumin concentrations in urine and plasma were
determined by single radial immunodiffusion using the Mancini
technique [23]. This method [24] employs a specific, purified,
rabbit antibody to rat albumin (Cappel Laboratories, Inc.,
Cochranville, Pennsylvania, USA). Total protein determina-
tions were performed according to Lowry ct al [25]. Sodium
was measured by flame photometry.
Clearance experiments
Renal clearance of inulin (C1) and para-amino hippuric acid
(CPAH) were determined using standard techniques [21, 24, 26]
in S and R rats of the second and third experimental series
receiving either 0.9% or 8% NaCI diets for two weeks (age
approximately 8 weeks), or six weeks (age approximately 12
weeks). The rats had femoral arterial and venous catheters
placed on the previous day. They were anesthetized with
mactin (Byk Gulden, Konstanz, FRG; 0.01 g/l00 g body wt),
placed on a heating pad, underwent tracheostomy, and had
their bladders cannulated allowing minimal deadspace. Fluid
losses were replaced by 1% body wt 0.154 M NaCI solution,
which contained priming doses of 20 pCi (3H)-methoxyinulin
(New England Nuclear, Boston, Massachusetts, USA) and 40
rl/100 g body wt of 20% p-amino-hippuric acid solution (PAR;
Merck, Sharp, and Dohme, West Point, Pennsylvania, USA).
To assure a high urine flow rate during baseline periods, loading
doses were followed by maintenance infusions at 1% body wt
per hour of 0.154 M NaCI, containing 13 pCi/h of (3H)-inulin and
30 j.d/IOOg/h of 20% PAR solution. After one hour for equili-
bration, three collection periods of 20 minutes were conducted
in each rat. A 300 d arterial blood sample was obtained at the
midpoint of each period. Urine was collected under mineral oil
in pre-weighed tubes and direct mean arterial pressure (MAP)
recorded continuously (Gould Statham Transducer Model P-
236 B, Gould Inc., Cleveland, Ohio, USA). The hematocrit was
determined in a microhematocrit centrifuge Model 1 MB
(Damon IEC Div., Needham Heights, Massachusetts, USA),
and the plasma separated. Samples of urine and plasma were
stored at —20°C. The glomerular filtration rate (GFR) was
accepted as C1, and the effective renal plasma flow rate (ERPF)
was calculated as CPAH. The renal extraction of PAH was
determined in rats at 12 weeks. A sample of renal venous blood
was obtained at the end of the study allowing the measurement
of PAH concentration and the computation of PAH extraction
via the formula: Extraction = (arterial PAH — venous PAH) /
(arterial PAR) x 100. Urine and plasma concentrations of inulin
were determined by measuring the radioactivity of tritiated
inulin using liquid scintillation techniques; PAl-I concentrations
were determined colorimetrically [271. Sodium was measured in
urine and plasma by flame photometry.
Micropuncture studies
Micropuncture studies were performed in three male R and
four male S rats, which were randomly chosen from the poo1 of
rats of the third experimental series. They were eight weeks of
age, and had been maintained on the 0.9% NaCI diet. Animals
were anesthetized with mactin (120 mg/kg i.p.) and placed on a
heated operating table. After inserting a catheter into a jugular
vein, a 4% bovine serum albumin solution in isotonic saline
solution was infused at 0.9 mI/hr for one hour to replace
operative losses of plasma proteins. During the rest of the
experiment, isotonic saline containing 1% bovine serum albu-
min was infused at the same rate. The femoral artery was
cannulated for measurement of arterial blood pressure. The left
kidney was exposed via a flank incision, freed of perirenal fat
and connective tissue, and placed in a lucite cup. The kidney
was covered with warm mineral oil.
To identify early proximal segments for the measurement of
stop flow pressure (PSF), a 5 mm tipped pipette, which con-
tained a stained saline dye mixture (FDC Green at a concentra-
tion of 0.5 g/lOO ml) was connected to a pressure manometer.
FDC Green is a FDA certified dye mixture, which is suitable for
foods, drugs, and cosmetics. After insertion into a random
proximal segment, small amounts of the stained fluid were
injected. Segments were accepted as being early proximal when
six or more downstream proximal segments were identified. In
this case, the finding pipette was withdrawn, and a pipette
containing paraffin was inserted in its place. After blocking the
tubule with paraffin wax, a pressure measuring pipette was
inserted into an upstream proximal segment which was recog-
Sterzel ci al: Renal disease in Dali! rats 1121
nized from its widened tubular lumen. Pressure was measured
with a servo-null pressure device (WPI, New Haven, Connect-
icut, USA). In the course of the experiments, we noted that
three of the S rats, but none of the R rats possessed superficial
glomeruli. All available glomeruli located on the surface were
punctured using the same pressure measuring system to deter-
mine glomerular capillary pressure (PGC) directly. Stable pres-
sures displaying an arterial pressure pulse were accepted as
capillary pressures. In each rat, free flow tubular pressure (PT)
was also determined. At the end of the experiment, a plasma
sample was taken from the femoral artery to determine plasma
protein concentration by means of the Lowry method [251.
Renal morphology
Renal tissue was obtained when the rats of all three experi-
mental groups were sacrificed, either at 6, 8, or at 12 weeks of
age. Before their kidneys were removed, the rats were perfused
via the abdominal aorta as described previously 126, 28].
Briefly, after opening the abdominal cavity, the abdominal aorta
was clamped below the renal arteries and cannulated with a
polyethylene tube containing a solution consisting of I ml
heparin (5000 IU), I ml 1% procaine hydrochloride, I ml 16%
CaCI-,, and I ml 0.9% NaCI. After trans-section of the inferior
vena cava and removal of the aortic clamp, the animals were
perfused without any prior flushing at a hydrostatic pressure of
250 mm Hg for 1.5 minutes. When direct perfusion with fixative
without prior flushing is employed, it is advisable to employ
high pressures so that sludging by erythrocytes is avoided. In
that way, a more homogeneous fixation of the tissue results,
with better preservation of the renal cortical structures. The
fixative contained 3% glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.4) supplemented with 0.08% CaCI,, 0.5 g/liter picric acid,
and 30 g/liter hydroxyethyiene cellulose. The kidneys were
removed immediately after perfusion, cut into pieces, and
immersed in the same fixative for at least 12 hours. Afterwards,
the tissue was washed thoroughly in cacodylate buffer and
processed for light and electron microscopy.
Light microscopy
Half of one kidney was fixed in Bouin's solution and pro-
cessed for light microscopic examination as described else-
where [24]. Three to four micron thick sections were stained
with Masson's trichrome stain and the periodic acid Schiff
reagent (PAS) technique. In addition, toluidine stained I pm
thick sections from the plastic embedded material were used
(see EM). Glomerular, tubular, interstitial, and vascular lesions
were evaluated qualitatively by two observers who had no
knowledge of the groups or regimens.
Quantification of glorneruli
The cortical density ofglomeruli was determined in five S rats
and six R rats of the third experimental series. All were eight
weeks old and were receiving the 0.9% NaCI diet. The kidneys
were obtained after perfusion fixation as described above, using
a random set of three horizontal kidney sections (extending
through the middle of the kidney including the papilla) of each
rat. We measured the total cortical area at 25-fold magnification
and counted the total number of glomerular profiles. Since no
deviations from the usual proportions of medullary area were
observed between strains, the cortical-medullary area ratio was
assumed to be no different in S and R rats. The density of
glomeruli was expressed as the number of glomerular profiles
per unit cortical area. Density of glomeruli was factored with
the rats' kidney weight to obtain an index for the total number
of glomeruli per kidney.
We performed still additional experiments to corroborate our
glomerular counts. We modified methods described earlier by
Damadian et al [29], and by Larsson et al [30]. The rats we
employed were obtained from the same supplier. Five pairs of
lightly anesthetized S and R rats receiving the 0.9% NaCI diet
(mean body weight of 333 g and 321 g, respectively) were
studied as follows. In vivo labelling of glomeruli was achieved
by perfusing the kidneys with India ink (10 ml; 1:3 dilution) via
a catheter inserted into the aorta immediately below the origin
of the renal arteries. After a five minute perfusion, the aorta was
clamped and the kidneys were removed, dissected free of
perirenal tissue, and freed of the renal capsule. After weighing
(mean weight of all S kidneys was 3.18 g, that of all R kidneys
was 2.94 g) the renal parenchyma was cut into small pieces.
Each kidney was then digested by incubation in I ml 6 M HCI
for 1.5 hours at 37°C with gentle agitation. This procedure
resulted in complete separation of the ink-stained black glomer-
uli from tubules but did not over-digest and fragment glomeruli.
The digested material was then diluted with distilled water up to
a total of 20 ml. Uniformly mixed samples of 25 s! were placed
on a cover slip for microscopic counting of labelled glomeruli,
which was performed by two different observers, who had no
knowledge of the rat types. Fifteen aliquots from each kidney
were counted, and the coefficient of variance (SD/mean >< 100)
averaged 6.74 for S and 6.55 for R rats.
Electron microscopy
Tissue from the cortex was dissected into small cubes, buffer
rinsed, and osmicated in 1% unbufferred 0s04 solution for one
hour. Afterwards, the tissue was dehydrated in a graded series
of ethanols and embedded in Epon by standard procedures.
Ultrathin sections were stained with uranylacetate and lead
citrate, and studied in a Philips 301 electron microscope.
Statistical analysis
The data were entered into a computer and analyzed with a
standardized program (SPSSX). Repeated measures analysis of
variance, two-way analysis of variance, and t-tests were em-
ployed as appropriate. Bonferoni's correction was applied as
indicated. Fiducial limits are expressed as standard error (SE).
Results
All rats tolerated the diets well, and there was no mortality
prior to the final experiments. S and R rats showed similar
development of body weight. Mean values of body weight
(obtained from at least 10 rats per point) were as follows: at six
weeks of age, the mean body weight of S rats was 121 5 g, not
different from the R group's 117 7 g (P > 0.05). Regardless of
NaCI intake, weight gains were similar in all groups. By the end
of the study at 12 weeks of age, the mean body weight of S rats
receiving the 0.9% NaCI diet was 310 10 g, while the S rats
receiving 8% NaCI weighed 280 12 g (P > 0.05). R rats
receiving 0.9% NaCI weighed 291 9 while their counterparts
receiving 8% NaCI weighed 294 5 g (P > 0.05).
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Fig. 1. Time coarse of systolic blood pressure; significant elevation in S
rats at 2 weeks of 8% NaCIdiet (A), and at /0 weeks of0.9% NaCl diet
(A). R rats exhibited only modest, age-related changes (•, 8% NaCI; C.
0.9% NacI diet). Mean values (±se) obtained from at least 10 rats at
each time point.
The time course of the blood pressure responses is shown in
Figure 1. Immediately prior to randomization, the blood pres-
sures of the four groups of rats were not different. In R rats
receiving either diet there was a 20 mm Hg increase in blood
pressure with age; however, the increase in the two groups was
not different. S rats receiving the 0.9% diet exhibited a mean
increase in blood pressure of 37 mm Hg throughout the study,
which was greater than that observed in either R group (P <
0.05). S rats receiving the 8% NaCI diet were significantly
hypertensive at eight weeks of age (P < 0.05), and progressively
increased their blood pressures by 12 weeks to 178 6 mm Hg,
greater than any other group.
The direct measurements of mean arterial blood pressure
obtained in eight conscious, resting 5, and eight similarly
studied R rats at eight weeks of age were 110.3 4.8 and 113.1
4.4 mm Hg, respectively (P > 0.05). These rats had been
given the 0.9% NaCl diet.
Figure 2 displays the results of the 24-hour urinary excretion
rates of albumin and total protein. As early as four weeks of
age, at the time of weaning and prior to the introduction of the
diets, S rats had significantly elevated values for albumin
excretion, averaging 4.45 1.38 mg/24 hr. R rats at this time
excreted only 0.19 0.06 mg/24 hr. At six and eight weeks of
age, normotensive S receiving 0.9% NaCl exhibited increasing
albuminuria. Hypertensive S rats receiving 8% NaCl had simi-
larly striking increases in albumin excretion. The two groups of
S rats were not significantly different with respect to albumin
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Fig. 2. Time course of albumin (A) and total protein (B) e.vcretion. S
(triangles) rats at 4 weeks of age had higher values than R (circles) rats.
With time, albuminuria inercased greatly in S rats at either NaCl intake.
Mean values (±sE) obtained for IJAIbV from 8—16 rats per data point,
for UprorV from 6—10 rats. Filled symbols are 8% NaCI diet; open
symbols are 0.9% NaCI diet.
excretion rate. R rats consistently excreted only small amounts
of albumin regardless of their dietary NaC1 intake, and no
increase in albumin excretion occurred in R rats through time.
While the baseline values for 24-hour total protein excretion
were much higher in both S and R rats than for albumin
excretion, the results generally paralleled those of albumin
excretion, By four weeks of age, S rats had consistently greater
24-hour protein excretion rates than R rats (40.7 2.5 vs. 28.4
2.2 mg/24 hr; P < 0.05). Regardless of NaCI intake, the
degree of proteinuria in S rats continued to increase during the
eight week study period. Proteinuria in S rats receiving 0.9%
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Fig. 3. Ti,ne course of 24 hr UN,V. The values reflect NaCl intake (A,
S 8% NaCl;•, R 8% NaCI; 0, R 0.9% NaCI; A S 0.9% NaCl). S and
R rats were not different within regimens. Mean values from 6—10 rats
per data point.
NaCI was greater than that in S rats receiving 8% NaCI by
repeated measures analysis of variance (P < 0.05). Plasma
albumin concentrations (g/dl) in six S and five R rats at six
weeks (3.8 0.3 and 3.7 0.2) were not different. By 12 weeks,
fiveS rats had values of 3.1 0.4 while five R rats had 3.6 0.3
g/dl (P >0.05). No influence of NaCI intake on plasma albumin
values could be shown.
Urinary sodium excretion rates were determined in 24-hour
urine specimens and are illustrated in Figure 3. S and R rats
receiving the 8% NaCl diet excreted significantly more sodium
than the rats receiving the 0.9% NaCI diet. There were no
statistically significant differences between S and R rats within
the dietary subgroups.
The results of the clearance experiments are shown in Table
1 and Figure 4. At eight weeks of age, GFR as reflected by
measurements of C1,, revealed no difference among the groups,
whereas by 12 weeks, the GFR and ERPF (CPAH) of S rats
receiving 0.9% and 8% NaCI were significantly less than the
respective R groups (Fig. 4). Calculated values for filtration
fraction showed no significant differences between S and R rats
at 8 or 12 weeks, while the values for renal vascular resistance
were significantly elevated in S rats at both time points. Values
for renal extraction of PAH were determined at the end of the
clearance experiments in 12 week old rats. There were no
significant differences between S and R rats, averaging 0.81 and
0.86, respectively. As indicated in Table 1, urine flow rates and
urinary sodium excretion rates did not show significant differ-
ences in groups of anesthetized S and R rats.
The results of the micropuncture studies are summarized in
Table 2. S and R rats receiving 0.9% NaCl at eight weeks of age
were not different with respect to body and kidney weights,
MAP, tubular stop flow pressure, oncotic pressure and calcu-
lated, or directly measured glomerular capillary hydraulic pres-
sure (PGC), and free flow tubular pressure (PT). Thus, in the
anesthetized S rat receiving a normal 0.9% NaCI intake, we
were unable to detect glomerular hypertension.
The morphological changes observed in the various groups at
sacrifice are illustrated in Figure 5 (light microscopy) and Figure
6 (electron microscopy). Representative light microscopic find-
ings are illustrated in the four panels of Figure 5. At six weeks
of age, glomeruli of R and S rats exhibited no obvious abnor-
malities. Scattered, calcified intratubular casts were noted in
some, but not in all nephrons of S rat kidneys (approximately
1/10 of sectioned tubules). At eight weeks, S rats receiving 0.9%
NaCI showed a discrete increase in mesangial matrix compared
to R rats (Fig. SB). S rats receiving the 8% NaCI diet demon-
strated massive arterial and arteriolar lesions consisting of
intimal and medial thickening, fibrinoid deposits, and fibrinoid
necrosis, as well as thrombotic occlusions (Fig. 5C and D).
These changes were associated with mesangial thickening,
ischemic tuft retraction, solidification, segmental fibrinoid ne-
crosis, as well as focal global or focal segmental sclerosis in a
variable percentage of glomeruli. No alterations were observed
in R rats receiving either diet. At 12 weeks of age, these lesions
were even more pronounced in the S group receiving the 8%
NaCI diet, whereas in S rats receiving 0.9% NaCI, only mild
abnormalities were noted. Discrete mesangial thickening, occa-
sional calcified intratubular casts, and slight medial thickening
of arterial and arteriolar vessels were prominent features. In
contrast, no such changes were detected in R rats receiving
either diet at 12 weeks of age.
Morphometric assessment revealed similar results for the
density of glomeruli in the renal cortex of S and R rats which
had mean values of 0.999 0.115 and 1.255 0.034 glomeruli
per unit area of cortex, respectively (P > 0.05). Weights of the
kidneys of S rats were 1.55 0.08 g and that of R rats were 1.21
0.05 g (P > 0.05). Since we found no morphometric differ-
ences between S and R rats for the cortical to medullary area
ratio, multiplication of the glomerular density with the total
kidney weight provided the index for the content of glomeruli
per kidney and allowed comparisons between S and R rats. The
mean value for this index in S rats was 1.478 0.063, and in R
rats 1.469 0.114 (P > 0.05). The glomeruli per kidney of
individual rats, as determined by direct counting of glomeruli of
acid-digested kidneys, are shown in Table 3. Again, no signifi-
cant differences between the glomerular counts obtained from
either S or R rats were identified.
The ultrastructural evaluation was performed on electron
micrographs at a total magnification of 20,000 x. Per kidney,
two glomeruli were evaluated. When scanning the sections in
the microscope, we began at the left upper corner, and the first
two glomeruli were chosen. Five photomicrographs per glomer-
ular profile were obtained at a primary magnification of 11,000
><. Already at 5 to 6 weeks of age, when no light microscopic
changes were obvious, considerable glomerular abnormalities
were observed in some S rats. These consisted of pseudocysts
(incompletely bordered by attenuated podocyte processes), and
thickening of podocyte pedicles at discrete places (Fig. 6A).
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Table 1. Clearance studies at eight and twelve weeks in S and R rats (mean SE)
S (a 0.9% S % 8.0% R (d 0.9% R @ 8.0% S (a 0.9% S % 8.0% R (a 0.9% R @ 8.0%
8 8 8 8 12 12 12 12
0.89 0.10 N/A 0.89 0.09 N/A 0.83 + 0.05 0.54 ÷ 0.04 1.10 0.15 1.17±0.09
N/A 19.5 4.5 N/A 36.3 9.4 31.8 8.0 40.1 + 17.0 42.5 8.7
4.28 0.76 N/A 2.85 0.46 N/A 3.39 0.72 5.11 1.38 7.19 2.52 7.45 1.40
**
ft
N/A 1.20 + 0.18 3.41 1.32 1.74 0.71 1.37 0.20
7 6 6 6
basement membrane was either covered by the cytoplasm of
broadly attached podocytes, or was found naked toward the
urinary space (Fig. 6B). However, some glomeruli of other S
rats, as in R rats, showed less pronounced or no glomerular
changes. Thus, it appears that damage in S rats begins in
individual glomeruli, and may become severe while other
glomeruli are still intact.
Discussion
The mechanism of hypertension in S rats is by no means
clear. The topic occupied Dahi, who performed cross transplan-
tation experiments [4—6], which indicated that the tendency to
develop hypertension could be transplanted with the kidney.
An additional piece of evidence incriminating the kidneys was
offered by Tobian [7, 31], who conducted pressure-natriuresis
experiments in isolated, perfused kidneys of S and R rats. He
found that S kidneys required a greater perfusion pressure to
exhibit a given natriuresis than R kidneys. Although other
workers could not confirm these findings using isolated
perfused kidneys of S rats [32], recent in vivo studies by Roman
have also demonstrated that the pressure-diuretic and -natri-
uretic responses of prehypertensive and hypertensive S rats is
blunted compared to R rats [20]. The results of Tobian and
Roman would fit well into the general cybernetic framework
forwarded by Guyton and associates [33].
Our data, indicating the presence of significant albuminuria
even prior to the ingestion of the 8% NaCI diet in S rats would
support the idea that intrinsic renal abnormalities exist prior to
the development of systemic hypertension in S rats. The
marked increase in albumin excretion rates in prehypertensive
S rats suggests that a defect in the glomerular permselectivity is
responsible for this finding.
We found that the mean urinary excretion rate for albumin in
young male S rats was 23-fold higher than in R rats, whereas the
difference in total protein excretion was only 1.4-fold. These
combined data may explain why previous studies with sole
measurements of total urinary proteins, have not recognized
such a striking abnormality in S rats [13, 19, 34]. The consistent
finding that albumin is a major component of urinary proteins of
S but not of R rats argues strongly against a post-renal source of
albumin, such as leakage of plasma from the lower genito-
urinary tract, In more recent studies, we excluded the possibil-
ity that the abnormal albuminuria of S rats was peculiar to a
strain obtained from one particular breeder. Breeding DahI rats
of the JR strain in our New Haven laboratory, using parent
animals originally obtained from Dr. J. Rapp, Toledo, Ohio,
Fig. 4. Clearance studies in 12 n'eel'. old S and R rats. C1,, and CPAI-I
were reduced in S rats while RVR was increased. The 8% NaCl diet
accentuated these differences. Mean value from 6-10 rats per data
point. Symbols are: EO.9% NaCI; 8.0% NaCl; * R differs from S, P
<0.05; # 0.9% NaCI differs from 8.0% NaCI.
Other glomerular profiles showed more pronounced abnormal-
ities, including thickening of the basement membrane, in-
tracytoplasmic granules, and conspicuous broadening of podo-
cyte pedicles. In some places, pedicles were totally absent, the
Rats/NaCI diet
Weeks
24.4 6.8
1.43 0.23
8
N/A 1.01 0.20
8
I
*I
-4
Cl"
ml/min/100 g
Urine volume
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a p < 0.05, S vs. R
1.5
, 1.0
a
E 0.5
':5
I,..
a,
C.,
(awe
C., ..00,
0
*R differs from S. P<0.05
*0.9% NaCI differs from 8.0% NeC!,
100 . P<0.05
50
0
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Table 2. Results of the micropuncture performed at eight weeks of age in S and R rats receiving the 0.9% NaCI diet
MAP SFP Protein
g%
PGC et PGC 'T
m,nHg mmHg
S rats
I. 96 41 2.6 (5) 4.36 12.9 54 2.6 — 14 0.4 (4)
2. lOS 41 1.1 (10) 4.34 12.9 54 1.1 — 14 0.9 (3)
3. 114 42 1.3 (8) 5.39 17.4 60 1.3 — 15 1.2 (3)
R rats
I. 95 43 0.4 (2) 4.71 14.4 57 0.4 60 2 (2) —
2. lOS 42 1.2 (7) 4.59 13.9 56 1.2 60 6(2) —
3. 91 36 1.8 (6) 5.20 16.5 53 1.8 52 0 (2) 13 2.4 (3)
4. 105 45 1.4(10) 4.90 15.2 60 1.4 — 18 1.4 (4)
Mean values R rats S rats
Body weight g 203 17.9 (3) 205 11.3 (4)
Kidney weight g 0.78 0.06 (3) 0.82 0.06 (4)
MAP mm Hg 105 8.8 (3) 99 7.1 (4)
PSF mm Hg 41.2 0.8 (23) 41.8 1.0 (25)
Protein 9% 4.7 0.4 (3) 4.9 0.1(4)
lrmm Hg 14.4 1.5 15.0 0.6
PGC mm Hg 55.6 1.0 (23) 56.8 0.9 (25)
POC mm Hg — 57.4 2.4 (6)
P1 mm Hg 14.2 0.5 (10) 15.7 1.6 (7)
Part A shows individual rat values, part B the group data.
Values are means SE; numbers in parentheses are numbers of rats, or of tubules (for pressure measurements). None of the measurements
between R and S rats are significantly different with an unpaired f-test. Oncotic pressure (D) was calculated from: 0 = 2.1 c + 0.16 c2 + 0.009 c3,
where c is the protein concentration.
USA, we found in four week old S rats degrees of elevated
urinary albumin excretion rate (6.1 4.37 vs. 0.31 0.12 mg/24
hr; P <0.01), which were similar to those of S and R rats bred
in Elby, Denmark.
The nature and cause of the presumed glomerular lesion in
young S rats are presently unclear. Our electron microscopic
studies revealed variable degrees of abnormalities of the gb-
merular capillary loops of S rats, consisting predominantly of
segmental retraction of epithelial cell foot processes and very
rarely, fragmentation of the glomerular basement membrane.
These changes in very young, five to six week old S rats were
not uniform and no obvious light microscopic changes of the
gbomerular capillary loops or the mesangial area were appreci-
ated at this age. The pathogenesis of these glomerular changes
and of the urinary loss of albumin is presently unknown. We
hypothesized that they are the result of physical injury to the
glomeruli, such as being induced by increased intravascular
hydraulic pressure. However, our results of direct measure-
ments of arlerial blood pressure in both awake and anesthetized
animals did not identify differences between young S and R
rats. Furthermore, the micropuncture results virtually excluded
significant glomerular hypertension in young S rats. These
findings are in agreement with data recently reported by Roman
who also failed to detect differences between young S and R
rats with regard to systemic or glomerular capillary blood
pressure [201. In contrast, Kurtz and Morris [351 reported
modest differences in systemic blood pressure shortly after
birth in S and R rats of the Brookhaven strain. They performed
direct measurements in conscious animals which had had
arterial catheters placed. Their data suggest that to some degree
the S rat is actually a spontaneously hypertensive rat, which is
particularly susceptible to the additional blood pressure elevat-
ing effects of NaCI. However, we were unable to find a
difference in blood pressure measured directly in young, awake
Table 3. Glomerular counts in S and R rats (mean SE)
Glomerular counts per
kidney S rats R rats
1.
2.
3.
4.
5.
33,231
28,727
28,014
30,833
30,364
30,615
27,530
30,666
32,506
28,546
Mean
SE
Coefficient of variation
30,231
911
6.74
29,965
878
6.55
and resting S and R rats receiving a normal salt intake.
Moreover, it is improbable that the glomerular abnormalities
observed by us in young S rats are causally related to subtle
elevations of renal perfusion pressure in view of the normal
gbomerular capillary pressure observed by us and others [20].
Further, spontaneously hypertensive rats of the Okamoto strain
also have normal gbomerular pressures [36], and do not display
significant urinary albumin losses until later in their life spans
[371. Taken together, these findings suggest that the glomerular
changes in prehypertensive S rats are not pressure mediated but
rather are the result of an as yet undefined cause. Since we
found a highly significant increase in urinary albumin excretion
in S rats as early as the fourth week of age, it is quite
conceivable that this abnormality is the expression of an
inherited defect within the glomerulus.
We were unable to corroborate the data presented by others,
that the renal abnormalities in S rats are related to fewer
numbers of gbomeruli [17]. According to our morphometric
analysis, no differences in the density and renal content of
gbomeruli could be identified in S and R rats. Similarly, direct
counting of the number of glomeruli of acid-digested kidneys
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Fig. S. A. Norma/appearing glomerulus from an R rat at 8 weeks of age, 8% NaC/ diet, Semithin section, toluidine blue, 640 x. B. Glomerulus
from an S rat at 8 weeks, 0.9% NaCI diet. Note mesangial widening with an increase in mesangial matrix. Semithin section, toluidine blue, 440 x.
C. Thronibotic occlusion of a hilar arteriole in an S rat at 8 weeks of age, 8% NaCl diet. Semithin section, toluidine blue, 640 x. D. Fibrinoid
arteriolar and glomerular necrosis in an S rat at 12 weeks of age (8% NaCI diet). PAS stain, 400 x
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Fig. 6. Electron photomicrographs of S rat at six weeks on 0.9% NaC1 diet. A. In addition to a pseudocyst (*), discrete thickening of podocyte
pedicles (arrows) are seen (3,200 x). B. Severe damage is apparent; podocyte pedicles are almost entirely absent. The GBM is increased in
thickness and denuded segmentally toward the urinary space. Multiple granules are noted in epithelial and mesangial cells (3,200 x).
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did not reveal significant differences between S and R rats. Our
functional measurements indicated no abnormalities in total
GFR or ERPF in young S rats. These results support the
previous observations of Ben-Ishay, Knudsen and DahI [381.
However, these investigators did identify an abnormality in
sodium handling in S rats prior to the development of hyper-
tension or to the exposure to the high NaC1 diet. They described
an exaggerated natriuresis to an intravenous NaCI load in S as
compared to R rats. The authors speculated that an increased
mineralocorticoid effect might be responsible [381. Were such
the case, or were a simple renal defect responsible for hyper-
tension in S rats receiving the high NaCI diet, an increase in
sodium retention of S rats might be expected. An increase in
exchangeable sodium in the S rat could not be demonstrated by
Schackow and DahI [10]. To our knowledge, no investigator has
convincingly demonstrated sodium retention or an increase in
total body sodium in S rats receiving the high NaC1 diet.
With the development of systemic hypertension, the renal
changes of S rats became much more apparent. Urinary excre-
tion of albumin and total protein increased greatly. GFR and
ERPF decreased and the structural abnormalities of preglomer-
ular vessels and glomeruli became prominent. The progressive
nature of the renal disease of hypertensive S rats has also been
observed by other workers [3, 11]. The rate of progression of
renal abnormalities is much greater in S rats than in spontane-
ously hypertensive rats [2, 37]. This difference suggests that the
course of renal lesions is not directly dependent on the degree
and duration of systemic hypertension. Additional pathogenetic
factors appear to be required in hypertension-induced kidney
disease. Conceivably, the transmission of an increased renal
perfusion pressure to the glomerular capillary tuft may be a
relevant mechanism leading to glomerular hypertension and
physical injury of glomerular structures [18, 191. Indeed, Azar
et al have recorded elevated glomerular hydraulic pressures in
S rats with long-standing hypertension [181. However, at this
late stage of the disease, S rats usually show significant renal
pathology [3, 11, 391 so that the finding of glomerular hyperten-
sion is likely to be unspecific and late, as is the case in the
partial renal ablation model [401 as well as in DOCA-salt
hypertension [17, 41]. Roman's observation of normal glomer-
ular pressures in S rats with six weeks of established systemic
hypertension also supports the notion that glomerular hyper-
tension is a late event, secondary to progressive renal disease
[201. Roman's DahI rats were studied one week after unilateral
nephrectomy, an intervention which should have favored the
expression ofglomerular hypertension. The results of his study
also demonstrated intact autoregulation of renal blood flow in
hypertensive rats at renal perfusion pressures of greater than
135 mm Hg. On the other hand, prehypertensive and hyperten-
sive S rats showed impaired autoregulation at lower perfusion
pressures resulting in blunted pressure-diuretic response.
In summary, we found that DahI S rats of the JR strain have
albuminuric glomerular disease prior to the consumption of a
high NaCI diet and before the development of systemic hyper-
tension. The renal abnormalities were associated neither with a
reduced population of glomeruli nor with glomerular hyperten-
sion. However, electron microscopy indicated the presence of
abnormalities of the glomerular filtration barrier. With time, and
the intake of a high NaCI diet, the Dahl S rats developed
systemic hypertension, proliferative and sclerotic lesions of
preglomerular vessels and glomeruli, and renal insufficiency
compared to R rats. These findings implicate the kidneys in the
sodium-sensitivity of S rats; however, the complexity of this
model is such that multifactorial mechanisms are by no means
excluded.
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